Introduction {#s1}
============

Worldwide, approximately 65 million people suffer from chronic obstructive pulmonary disease (COPD), a major health and economic burden and one of the leading causes of premature death in both current and former smokers ([@B51]; [@B16]; [@B33]). Generally, COPD is associated with increased neutrophil numbers and high levels of pro-inflammatory cytokines, such as tumor necrosis factor-*α* (TNF-*α*), interleukin (IL)-6, IL-8, interferon-*γ* (IFN-*γ*), and IL-1*β* in the airways ([@B6]). The major clinical manifestations include chronic bronchitis, airflow limitation, and emphysema ([@B24]; [@B40]). Worsening of symptoms occurs when COPD patients experience exacerbations, which dramatically increase morbidity and mortality ([@B47]). Important triggers of exacerbations are viral infections of the respiratory tract ([@B56]).

Inhaled corticosteroids (ICS), for example, fluticasone, are frequently used to reduce inflammation in COPD patients ([@B3]; [@B38]); however, the role of ICS in COPD treatment is controversial. Studies have shown that ICS treatment does not attenuate neutrophil-driven inflammation and disease progression ([@B3]; [@B44]; [@B38]). Furthermore, adverse effects have been reported to be associated with ICS treatment, including an increased risk for candidiasis, cataracts, and fractures ([@B38]). In addition, a large randomized, double-blind trial comprising 6112 patients revealed an increased risk of pneumonia (the TORCH study), and the withdrawal of ICS did not adversely affect the rate of exacerbations in COPD patients (the WISDOM study) ([@B12]; [@B38]; [@B31]).

Another approach to control inflammation in COPD patients is treatment with roflumilast ([@B39]; [@B35]). Roflumilast acts through blocking phosphodiesterase-4 (PDE4), an enzyme that metabolizes intracellular cAMP in T lymphocytes, neutrophils, and macrophages, and thereby inhibits inflammation ([@B39]). It is approved for the treatment of severe COPD with frequent exacerbations ([@B39]).

Bronchoconstriction of the airways is a hallmark of COPD, especially during exacerbations; patients suffer from a reduction in lung function ([@B45]; [@B40]). Therefore, bronchodilators are currently standard therapeutics for COPD patients ([@B40]). Treatment with the long-acting anticholinergic tiotropium bromide has been shown to have a positive effect on lung function, quality of life, and the frequency and severity of exacerbations (the UPLIFT and POET studies) ([@B53]; [@B55]). Tiotropium blocks M3 receptors on airway smooth muscle (ASM) cells and thereby prevents binding of acetylcholine and subsequent bronchoconstriction ([@B17]). Interestingly, recent studies suggest that tiotropium also has additional anti-inflammatory effects, possibly contributing to the efficacy seen in patients suffering from exacerbations ([@B1]; [@B15]). For example, [@B57] found that tiotropium significantly reduced IL-6, TNF-*α*, monocyte chemoattractant protein-1 (MCP-1), macrophage inflammatory protein-1*α* (MIP-1*α*), and KC levels and neutrophil cell counts in bronchoalveolar lavage (BAL) fluid of cigarette smoke (CS)--exposed mice. Furthermore, tiotropium reduced inflammation and remodeling in several models of asthma ([@B19]; [@B8]; [@B36]; [@B10]; [@B9]). In addition, several in vitro studies also attest to the anti-inflammatory properties of tiotropium ([@B11]; [@B2]; [@B7]; [@B52]).

The aim of this work was to investigate whether tiotropium has anti-inflammatory effects in mice in which inflammation is triggered by CS exposure and influenza virus (H1N1) or respiratory syncytial virus (RSV) infection. The effects were compared with those of fluticasone or roflumilast. Tiotropium exhibited anti-inflammatory effects that were often stronger than those of fluticasone or roflumilast.

Materials and Methods {#s2}
=====================

 {#s3}

### Animals. {#s4}

We purchased 8- to 12-week-old female BALB/cAnNCrl mice from Charles River (Sulzfeld, Germany). They were housed in a specific pathogen-free facility at 20--25°C and received water and food ad libitum. All experimental procedures were performed in accordance with animal welfare regulations (Regierungspräsidium Tübingen, TVV 12-017).

### Cigarette Smoke Exposure. {#s5}

Mice were exposed to CS of four cigarettes daily (Roth-Händle without filters; Badische Tabakmanufaktur Roth-Händle, Lahr, Germany) inside a perspex box for 10 days as described previously ([@B57]).

### Infection. {#s6}

Mice were anesthetized with 3% isoflurane and infected 2 hours after CS exposure by administering 50 *µ*l of virus in phosphate-buffered saline (PBS) intranasally. Influenza A/PR/8/34 (H1N1) was provided by Boehringer Ingelheim (Laval, QC, Canada). Infection with 30 infectious units (IU) was performed 5 days before readout. RSV strain A-2 (obtained from Tebu-bio, Columbia, MD) infection and re-infection with 1 × 10^6^ plaque-forming units was performed on the first day of the experiment and 1 day before readout.

### Therapeutic Intervention. {#s7}

Mice were treated with tiotropium bromide, fluticasone propionate, or roflumilast 1 hour before CS exposure on each day of the experiment. Tiotropium bromide (Boehringer Ingelheim Pharma GmbH & Co. KG, Biberach, Germany) was nebulized, and the animals were exposed in a perspex box for 5 minutes ([@B34]). Fluticasone propionate (Boehringer Ingelheim Pharma GmbH & Co. KG) was micronized and dissolved in 1 ml of PBS/0.04% Tween 80, further diluted in PBS, and administered intranasally with the mice under isoflurane anesthesia ([@B14]). Roflumilast (Boehringer Ingelheim Pharma GmbH & Co. KG) was micronized, dissolved in 1 ml of PBS/0.02% Tween 80, and further diluted in 0.5% hydroxyethylcellulose ([@B22]). Drug administration was performed by oral gavage.

### Lung Function, Resistance, and Compliance. {#s8}

Lung function was measured on the last day of the experiment by noninvasive whole-body plethysmography measuring enhanced pause (Penh) values as described previously ([@B21]). For resistance and compliance measurement, mice were anesthetized using a combination of 0.5 mg/kg metedomidin, 5 mg/kg midazolam, and 0.05 mg/kg fentanyl. Subsequently, the animals were intubated and connected to the Data Sciences International (St. Paul, MN) Buxco FinePointe Series Resistance and Compliance sites.

### Measurement of Cell Counts in BAL Fluid. {#s9}

Four hours after the last CS exposure, mice were sacrificed by i.p. injection of an overdose pentobarbital (Merial GmbH, Hallbergmoos, Germany). Lungs were flushed twice with 0.8 ml of lavage buffer (PBS containing 1% bovine serum albumin). Cell counts in BAL fluid were measured and differentiated using a Sysmex XT-1800i automated hematology analyzer.

### Cytokine Measurement in Lung Homogenate. {#s10}

Lungs were removed and homogenized using a FastPrep-24 Sample Preparation System (MP Biomedicals, Irvine, CA). Cytokine levels in lung homogenate were assessed using Meso Scale Discovery multiplex technology (Meso Scale Discovery, Gaithersburg, MD) according to the manufacturer's instructions.

### Detection of H1N1 and RSV. {#s11}

The amount of H1N1 in lung homogenate was determined using an immunofocus assay. Madin-Darby canine kidney cells were seeded in 96-well dishes at a density of 2 × 10^4^ cells/well; 50 *µ*l of lung homogenate was incubated with the cells for 2 hours at 37°C. Next, the wells were washed with PBS, and 200 *µ*l of Dulbecco's modified Eagle's medium containing 1% fetal bovine serum and glutamine was added. After overnight incubation at 37°C, cells were fixated using acetone/methanol and blocked for 1 hour with 2% normal goat serum in PBS. Biotinylated anti-H1N1 antibody NP MAB8258 (Millipore, Billerica, MA) was used for detection of infected cells. After the addition of streptavidin-peroxidase conjugate diluted 1:4000 in 2% normal goat serum and true-blue substrate, stained cells were counted via light microscopy.

RSV in 50 *µ*l of lung homogenate was determined by quantitative polymerase chain reaction (qPCR). RNeasy Mini Kit (Qiagen, Hilden, Germany) was used for RNA isolation and purification according to the manufacturer's instructions. High-capacity cDNA reverse transcription kit (Applied Biosystems, Foster City, CA) was used to generate cDNA according to the manufacturer's instructions, and 2.5 *µ*g of total RNA was used for reverse transcription.

We performed qPCR using Taqman technology. A conserved region of the RSV N-gene was amplified. The following primers and probe were obtained from Sigma (Steinheim, Germany): forward, 5′-AGATCAACTTCTGTCATCCAGCAA-3′; reverse, 5′-TTCTGCACATCATAATTAGGAGTATCAAT-3′; probe, 5′-CACCATCCAACGGAGCACAGG AGAT-3′. The probe was labeled with the 5′ reporter dye 6-carboxyfluorescein and the 3′ quencher dye 6-carboxytetramethylrhodamin (TAMRA); 2 *µ*l of cDNA in a total volume of 10 *µ*l with QuantiFast Probe PCR Kit (Qiagen) was used for Taqman. Three technical replicates were generated. Additional reaction mixes containing 2 *µ*l of water instead of cDNA were used as no template control. Quantification was performed from standard curves of a pMA plasmid carrying a fragment of the RSV N-gene (provided by Life Technologies/GenArt). Results are expressed in fold change compared with the CS/RSV group.

### qPCR Detection of Choline Acetyltransferase and Sialic Acid Synthase. {#s12}

To investigate changes in gene expression of choline acetyltransferase (ChAT) and sialic acid synthase (NANS) in lung homogenate, we used qPCR. RNA isolation and Taqman were performed as described for the detection of RSV. Ready-to-use ChAT and NANS gene expression assays were obtained from Thermo Fisher Scientific and used for the experiments. 18S rRNA was used as internal control.

### Histology. {#s13}

Histologic analysis of hematoxylin and eosin (H&E)-stained lung sections was performed as described ([@B18]).

### In Vitro Studies. {#s14}

On day 0, in 24-well format, 30,000 NCI-H292 cells/well were seeded. On day 1, tiotropium bromide, fluticasone propionate, or roflumilast was added. Drugs were dissolved in DMSO and further diluted in culture medium (RPMI1640 containing 5% fetal calf serum). Final drug concentrations were 10, 100, and 1000 nM. On day 4, culture medium was removed, and H1N1 or RSV diluted in 100 *µ*l of PBS was added. Infection dose was 1 × 10^5^ IU for H1N1 and 1 × 10^6^ PFU for RSV. After incubation for 3 hours at 37°C, the wells were washed with 200 *µ*l of PBS, and 600 *µ*l of medium containing the above-mentioned treatments was added. On day 7, the medium was removed, and 200 *µ*l of buffer RLT containing 1% *β*-mercaptoethanol was added to each well. RNA was isolated from cell lysate (Qiagen) and a high-capacity cDNA reverse transcription kit (Applied Biosystems) was used for the generation of cDNA according to the manufacturer's instructions; 2.5 *µ*g of total RNA was used for reverse transcription. We performed qPCR using Taqman technology. For RSV, the same primers were used as already described. For H1N1, the following primers and probe were obtained from Sigma (Steinheim, Germany): forward 1, 5′-GGACTGCAGCGTAGACGCTT-3′; forward 2, 5′-CATCCTGTTGTATATGAGGCCCAT-3′; reverse, 5′-CATTCTGTTGTATATGAGGCCC; AT-3′; probe, 5′-CTCAGTTATTCTGCTGGTGCACTTGCCA-3′. The probe was labeled with the 5′ reporter dye 6-carboxyfluorescein and the 3′ quencher dye 6-carboxytetramethylrhodamin (TAMRA). 2 *µ*l of cDNA in a total volume of 10 *µ*l with QuantiFast Probe PCR Kit (Qiagen) was used for Taqman. Three technical replicates were generated. Additional reaction mixes containing 2 *µ*l of water instead of cDNA were used as no template control. The ΔΔC~t~-method after qPCR was used for the investigation of relative changes in in H1N1 amount in samples. Results are expressed in fold change compared with infected cells without treatment.

### Software and Statistical Analysis. {#s15}

Microsoft Office 2010 and GraphPad Prism 6.01 (GraphPad Software, San Diego, CA) were used for data analysis and presentation. Multiple comparisons were performed by one-way analysis of variance with Dunnett's post-test. Nonparametric Kruskal-Wallis test was used upon unequal variances. For comparison of two groups, unpaired *t* test was used. Data are expressed as mean ± S.E.M. \*\*\*\**P* \< 0.0001, \*\*\**P* \< 0.001, \*\**P* \< 0.01, and \**P* \< 0.05 represent significant differences compared with controls.

Results {#s16}
=======

 {#s17}

### H1N1 Exacerbates Pulmonary Inflammation in CS-Exposed Mice. {#s18}

To develop a model which reflects aspects of COPD exacerbation, mice were exposed to CS and infected with different dosages of H1N1 (see [Supplemental Fig. E1](http://jpet.aspetjournals.org/lookup/suppl/doi:10.1124/jpet.116.232009/-/DC1)). [Figure 1A](#F1){ref-type="fig"} illustrates a protocol using 30 IU H1N1 for infection, which depicts best the relevant aspects of an exacerbation. Whereas CS exposure or H1N1 infection resulted in a low or moderate loss of body weight, combination of the stimuli led to a significant loss of body weight ([Fig. 1B](#F1){ref-type="fig"}). As shown in [Fig. 1C](#F1){ref-type="fig"}, neither CS exposure nor H1N1 infection alone resulted in significantly increased Penh values. In contrast, lung function was significantly impaired upon CS exposure and additional H1N1 infection. Measured Penh value was 1.65 ± 0.18 compared with 0.40 ± 0.014 of the control animals. Whereas CS exposure alone did not significantly increase cytokine levels in lung homogenate, H1N1 infection of the animals resulted in significantly increased levels of IL-6, KC, TNF-*α*, IL-1*β*, and IFN-*γ* ([Fig. 1D](#F1){ref-type="fig"}); however, H1N-induced cytokine influx was lower in comparison with animals receiving CS and H1N1. In CS-exposed and H1N1-infected animals IL-6, KC, TNF-*α*, IL-1*β*, and IFN-*γ* were significantly elevated. Furthermore, quantification of H1N1 load in lung homogenate revealed that the amount of virus was highest in mice exposed to CS before infection with the virus ([Fig. 1F](#F1){ref-type="fig"}). Infection of mice with H1N1 significantly increased the accumulation of total cells, neutrophils, and macrophages in BAL fluid ([Fig. 1E](#F1){ref-type="fig"}). Surprisingly, additional CS exposure of H1N-infected mice did not further increase cellular influx into the lungs.

![Model for CS/H1N1 induced exacerbation of pulmonary inflammation in mice. (A) Mice were exposed to cigarette smoke for a total of 10 days (light gray bars). Additional mice were infected with only H1N1 on day 8 (dark gray bars) or CS-exposed and infected with H1N1 on day 8 (black bars). White bars show the results from untreated negative control (NC) animals. (B) Body weight loss in NC animals (black dotted line), CS-exposed (blue line), H1N1-infected (green line), or CS-exposed and H1N1-infected (red line) mice. (C) Lung function; (D) cytokine levels in lung homogenate; (E) total cell, neutrophils, and macrophage numbers in BAL fluid; and (F) viral load in lung homogenate. Mean values ± S.E.M. of *n* = 7 or 8 animals in the HIN1- and CS-exposed mice groups and *n* = 4 in the NC group are shown. \*\*\*\**P* \< 0.0001, \*\*\**P* \< 0.001, \*\**P* \< 0.01, and \**P* \< 0.05 represent significant differences compared with the NC group.](jpet.116.232009f1){#F1}

### Tiotropium Shows Anti-inflammatory Effects in CS-Exposed and H1N1-Infected Mice. {#s19}

To investigate whether tiotropium showed anti-inflammatory effects in CS/H1N1-exposed mice, the animals were treated with the drug for a total of 10 days ([Fig. 2A](#F2){ref-type="fig"}). Treatment with tiotropium did not influence body weight ([Fig. 2B](#F2){ref-type="fig"}). At a concentration of 0.3 mg/ml, tiotropium decreased Penh values and airway resistance significantly, indicating improved lung function ([Fig. 2C](#F2){ref-type="fig"}). Cytokine levels of IL-6 and IFN-*γ* were reduced in lung homogenate of animals treated with tiotropium ([Fig. 2D](#F2){ref-type="fig"}). In addition, tiotropium significantly reduced total cells, neutrophils, and macrophages in BAL fluid ([Fig. 2E](#F2){ref-type="fig"}).

![Tiotropium treatment of CS-exposed and H1N1-infected mice. (A) CS-exposed and H1N1-infected mice (black bars) were treated for a total of 10 days with 0.1 mg/ml or 0.3 mg/ml nebulized tiotropium (gray bars). White bars show the results from untreated negative control (NC) animals. (B) Body weight loss in NC mice (black dotted line), untreated CS-exposed, and H1N1-infected mice (red line); CS-exposed and H1N1-infected mice treated with 0.1 mg/ml (light green line); or 0.3 mg/ml (dark green line) nebulized tiotropium. (C) Lung function, resistance, compliance, and (D) cytokine levels in lung homogenate and (E) total cell, neutrophil, and macrophage numbers in BAL fluid. Mean values ± S.E.M. of *n* = 7 or 8 animals in the HIN1- and CS-exposed mice groups and *n* = 4 in the NC group. \*\*\*\**P* \< 0.0001, \*\*\**P* \< 0.001, \*\**P* \< 0.01, and \**P* \< 0.05 represent significant differences compared with CS-exposed and H1N-infected group.](jpet.116.232009f2){#F2}

### Treatment with Fluticasone Increases the Loss of Body Weight, Worsens Lung Function, and Fails to Reduce Pulmonary inflammation. {#s20}

Next, the effect of the corticosteroid fluticasone was investigated in this model. The protocol shown in [Fig. 3A](#F3){ref-type="fig"} illustrates the experimental scheme. On treatment with 0.3 mg/kg or 0.5 mg/kg, an aggravated loss of body weight was observed in comparison with CS-exposed and H1N1-infected mice without treatment ([Fig. 3B](#F3){ref-type="fig"}). Furthermore, Penh values increased significantly in a dose-dependent manner upon fluticasone treatment, and compliance values were lowered significantly ([Fig. 3C](#F3){ref-type="fig"}). Whereas the Penh value was 1.86 ± 0.21 for the CS-exposed and additionally H1N1-infected mice, it peaked at a value of 6.30 ± 0.94 in mice treated with 0.5 mg/kg of the corticosteroid. In contrast to its described anti-inflammatory effect ([@B54]), treatment with fluticasone failed to reduce cytokines in lung homogenate or cell counts in BAL fluid in the CS-exposed and H1N1-infected mice. As illustrated in [Fig. 3D](#F3){ref-type="fig"}, drug administration moreover significantly increased levels of IL-6, KC, and TNF-*α*.

![Fluticasone treatment of CS-exposed and H1N1-infected mice. (A) CS-exposed and H1N1- infected mice (black bars) were treated with 0.3 mg/kg or 0.5 mg/kg fluticasone (gray bars). White bars show the results from untreated negative control (NC) animals. (B) Body weight loss in NC mice (black dotted line), untreated CS-exposed, and H1N1-infected mice (red line); CS-exposed and H1N1-infected mice treated with 0.3 mg/kg (light green line) or 0.5 mg/kg (dark green line) fluticasone. (C) Lung function, resistance, compliance; (D) cytokine levels in lung homogenate; (E) total cell, neutrophil, and macrophage numbers in BAL fluid. Mean values ± S.E.M. of *n* = 4--8 animals in the HIN1- and CS-exposed mice groups and *n* = 4 in the NC group. \*\*\*\**P* \< 0.0001, \*\*\**P* \< 0.001, \*\**P* \< 0.01, and \**P* \< 0.05 represent significant differences compared with CS-exposed and H1N1-infected group.](jpet.116.232009f3){#F3}

These results were surprising, and we investigated whether this is a fluticasone-specific or a general corticosteroid effect. For this purpose, we tested the effects of dexamethasone in this model. [Supplemental Fig. E2](http://jpet.aspetjournals.org/lookup/suppl/doi:10.1124/jpet.116.232009/-/DC1) shows that dexamethasone also increased weight loss and had no positive effect on airway resistance and compliance or neutrophil numbers in the CS/H1N1-exposed mice. However, in contrast to fluticasone, dexamethasone treatment reduced the levels of KC, IL-6, IL-*β*, and IFN-*γ* in these animals.

### Roflumilast Decreases Levels of Cytokines and Cell Counts but Does not Improve Lung Function. {#s21}

The effect of the PDE4 inhibitor roflumilast treatment in the CS/H1N1 combination model was investigated. As shown in [Fig. 4, D and E](#F4){ref-type="fig"}, both cytokines and cell counts decreased with treatment. Levels of IL-6, KC, and IFN-*γ* were significantly lower in lung homogenate, and total cells and macrophages decreased significantly in BAL fluid at a dosage of 1.0 mg/kg. Drug administration had no effect on the loss of body weight ([Fig. 4B](#F4){ref-type="fig"}). Moreover, it had no effect on Penh values or lung resistance and compliance ([Fig. 4C](#F4){ref-type="fig"}).

![Roflumilast treatment of CS-exposed and H1N1-infected mice. (A) CS-exposed and H1N1-infected mice (black bars) were treated with 0.2 mg/kg or 1.0 mg/kg roflumilast (gray bars). White bars show the results from untreated negative control (NC) animals. (B) Body weight loss in NC mice (black dotted line), untreated CS-exposed and H1N1-infected mice (red line), CS-exposed and H1N1-infected mice treated with 0.2 mg/kg (light green line), or 1.0 mg/kg (dark green line) roflumilast. (C) Lung function, resistance, compliance and (D) cytokine levels in lung homogenate (E) total cell, neutrophil, and macrophage numbers in BAL fluid. Mean values ± S.E.M. of *n* = 7 or 8 animals in the HIN1- and CS-exposed mice groups and *n* = 4 in the NC group. \*\*\*\**P* \< 0.0001, \*\*\**P* \< 0.001, \*\**P* \< 0.01, and \**P* \< 0.05 represent significant differences compared with the CS-exposed and H1N1-infected group.](jpet.116.232009f4){#F4}

### Fluticasone Treatment Increases the Amount of H1N1 In Vivo and In Vitro. {#s22}

We determined the amount of H1N1 in the lungs of CS-exposed mice and investigated the effects of treatment with tiotropium, fluticasone, and roflumilast. In addition, we tested the effect of the mentioned treatments in human bronchial epithelial cell culture. [Figure 5A](#F5){ref-type="fig"} shows that treatment with tiotropium and roflumilast did not increase the amount of virus present in the lungs compared with the control group. In contrast, the amount of H1N1 increased significantly in the lungs of the fluticasone-treated mice versus the controls. Consistent with these findings, the viral load also increased significantly in vitro upon treatment of H1N1-infected cells with fluticasone but not treatment with tiotropium or roflumilast ([Fig. 5B](#F5){ref-type="fig"}). We also found that dexamethasone increased viral load in the CS/H1N1-treated mice ([Supplemental Fig. E2](http://jpet.aspetjournals.org/lookup/suppl/doi:10.1124/jpet.116.232009/-/DC1)) and NCI-H292 cells in vitro (data not shown).

![H1N1 virus load and histologic changes of the lung in H1N1-infected and CS-exposed mice after treatment with tiotropium, fluticasone, or roflumilast. **(**A) Mice were exposed to CS and infected with H1N1 and additionally treated with either tiotropium (0.1 mg/ml or 0.3 mg/ml), fluticasone (0.3 mg/kg or 0.5 mg/kg), or roflumilast (0.2 mg/kg or 1.0 mg/kg). Shown is the mean +/− SEM viral load in lung homogenate of *n* = 7 or 8 mice per group measured by immunofocus assay. (B) NCI-H292 cells were infected with H1N1 and treated with tiotropium, fluticasone, or roflumilast as described in *[Materials and Methods](#s2){ref-type="sec"}*. Changes in virus load were measured in cell lysates using qPCR (mean ± S.E.M. of *n* = 4 separate wells per group). (C) H&E stains of lung sections from untreated negative control (NC) mice, mice exposed to CS and H1N1, or CS/H1N1-exposed/infected mice, which were additionally treated with tiotropium, fluticasone, or roflumilast. Arrows indicate areas of inflammation or structural changes. Lungs of *n* = 6--8 mice per group were analyzed and representative sections shown. \*\*\*\**P* \< 0.0001, \*\*\**P* \< 0.001, \*\**P* \< 0.01, and \**P* \< 0.05 represent significant differences compared with the CS-exposed and H1N1-infected group or the H1N1-infected cells.](jpet.116.232009f5){#F5}

### Histologic Examination of the Lungs of the CS/H1N1-Exposed Mice Treated with the Different Drugs. {#s23}

[Figure 5C](#F5){ref-type="fig"} shows H&E-stained lung sections of the negative control and CS/H1N1-exposed animals that were additionally treated with tiotropium, fluticasone, or roflumilast. Negative control mice showed normal lung morphology. Lungs of mice that were exposed to CS and infected with H1N1 exhibited peribronchial disseminated inflammation. Upon treatment with 0.5 mg/kg fluticasone, loss of epithelial cells in the main bronchus increased. In contrast, the integrity of epithelia of the main bronchi in lungs of mice treated with 0.3 mg/ml tiotropium was less affected. No changes were detectable in the lungs of mice treated with 1.0 mg/kg roflumilast compared with the lungs of mice of the CS/H1N1 group.

### Tiotropium but not Fluticasone or Roflumilast has Anti-inflammatory Effects in a CS/RSV Re-infection Model. {#s24}

We also investigated the anti-inflammatory effects of tiotropium in a CS/RSV combination model. For this purpose, we exposed mice to CS and used a re-infection protocol for the administration of the virus ([Fig. 6A](#F6){ref-type="fig"}). Treatment with roflumilast, and in particular fluticasone, increased the loss of body weight in the CS/RSV combination model, whereas tiotropium did not ([Fig. 6B](#F6){ref-type="fig"}). Treatment with tiotropium, but not fluticasone or roflumilast, reduced the neutrophil cell count in BAL fluid significantly ([Fig. 6C](#F6){ref-type="fig"}). None of the drugs reduced macrophage numbers (data not shown). [Table 1](#T1){ref-type="table"} shows cytokine levels in lung homogenate of CS/RSV-exposed and drug-treated mice. Tiotropium reduced levels of IL-6, IFN-*γ*, TNF-*α*, and KC, being significant for IL-6, IFN-*γ*, and TNF-*α*. Treatment with fluticasone decreased IFN-*γ* levels but increased the amount of KC. Roflumilast increased the level of KC without having any effects on the other measured cytokines.

![Tiotropium, fluticasone, and roflumilast treatment in a CS/RSV re-infection model. (A) Mice were exposed to CS and infected with RSV on day 1 and re-infected with the virus on day 11. CS- and RSV-exposed mice were treated with tiotropium (0.1 mg/ml or 0.3 mg/ml), fluticasone (0.1 mg/kg or 0.3 mg/kg), or roflumilast (0.2 mg/kg or 1.0 mg/kg). (B) Development of body weight over time and (C) neutrophil numbers in the BAL fluid were investigated. Mean values ± S.E.M. of *n* = 4--8 animals per group are shown. \*\*\*\**P* \< 0.0001, \*\*\**P* \< 0.001, \*\**P* \< 0.01, and \**P* \< 0.05 represent significant differences compared with the CS-exposed and RSV-infected group.](jpet.116.232009f6){#F6}

###### 

Cytokine levels in the lungs of cigarette smoke (CS)/respiratory syncytial virus (RSV)-exposed mice after treatment with tiotropium (Tio), fluticasone (Fluti), and roflumilast (Roflu)

Mice were exposed to CS, infected and re-infected with RSV, and treated with tiotropium, fluticasone, or roflumilast as described in [Fig. 6](#F6){ref-type="fig"} and *[Materials and Methods](#s2){ref-type="sec"}*. Cytokine levels in lung homogenate were analyzed using Meso Scale Discovery multiplex technology. Mean ± S.E.M. of *n* = 4--8 animals per treatment group and *n* = 4 for negative control is shown.

  Mediator \[pg/ml\]   Negative Control       Smoke *+* RSV   \+ Tio 0.1 mg/ml       \+ Tio 0.3 mg/ml
  -------------------- ---------------------- --------------- ---------------------- --------------------
  IL-6                 20.4 ± 3.1\*\*         173.9 ± 35.9    128.2 ± 20.9           87.5 ± 10.7\*
  KC                   99.9 ± 28.0\*\*\*      673.6 ± 61.5    523.0 ± 72.4           499.0 ± 37.9
  TNF-*α*              0.9 ± 0.4\*\*\*        37.1 ± 5.1      21.5 ± 1.8\*\*         25.0 ± 2.4\*
  IL-1*β*              60.5 ± 13.0\*\*        500.4 ± 92.9    578.0 ± 52.0           575.5 ± 44.5
  IFN-*γ*              \< 3.1                 336.1 ± 46.4    169.2 ± 28.8 \*        182.6 ± 34.3 \*
                                                                                     
                       Negative control       Smoke + RSV     \+ Fluti 0.1 mg/kg     \+ Fluti 0.3 mg/kg
  IL-6                 \< 25.5                47.7 ± 9.8      88.8 ± 21.1            122.4 ± 55.0
  KC                   154.0 ± 19.2\*\*\*\*   720.6 ± 39.9    1932.1 ± 134.3\*\*\*   1462.0 ± 169.2\*
  TNF-*α*              4.0 ± 1.1 \*\*\*\*     24.7 ± 1.4      27.0 ± 2.1             22.9 ± 2.1
  IL-1*β*              51.4 ± 10.8 \*\*\*\*   532.4 ± 40.7    1184.6 ± 169.3\*\*\*   811.9 ± 94.7
  IFN-*γ*              0.3 ± 0.1\*\*\*        81.8 ± 10.0     53.4 ± 6.9\*           39.2 ± 5.7\*\*
                                                                                     
                       Negative control       Smoke + RSV     \+ Roflu 0.2 mg/kg     \+ Roflu 1.0 mg/kg
  IL-6                 10.5 ± 3.6\*\*\*       72.0 ± 10.7     63.1 ± 25.3            44.0 ± 6.2
  KC                   116.9 ± 35.2\*\*       344.7 ± 46.4    459.9 ± 30.7           592.9 ± 36.7\*\*\*
  TNF-*α*              \< 3.1                 37.4 ± 7.7      33.9 ± 5.9             31.1 ± 4.3
  IL-1*β*              66.4 ± 4.9\*\*\*       581.2 ± 86.6    1015.3 ± 141.4\*       569.5 ± 55.5
  IFN-*γ*              0.6 ± 0.0\*\*          118.6 ± 24.9    54.9 ± 16.6            75.0 ± 16.1

IFN, interferon; IL, interleukin; KC, keratinocyte chemoattractant; TNF, tumor necrosis factor

### Fluticasone Treatment Increases the Amount of RSV In Vivo and In Vitro. {#s25}

Consistent with previous findings for H1N1, treatment with fluticasone increased the amount of virus in the airways of CS-exposed and RSV-infected mice compared with controls ([Fig. 7A](#F7){ref-type="fig"}). RSV load in human bronchial epithelial cell culture was also significantly elevated upon treatment with fluticasone. In contrast, tiotropium and roflumilast treatment had no effect on the amount of RSV load in the CS/RSV-exposed mice ([Fig. 7A](#F7){ref-type="fig"}) and NCI-H292 cell culture ([Fig. 7B](#F7){ref-type="fig"}).

![Amount of RSV in vivo and in vitro. (A) Mice were treated as described in [Fig. 6](#F6){ref-type="fig"}. The viral load in lung homogenate was determined (mean ± S.E.M. from *n* = 4--8 animals per group). (B) NCI-H292 cells were infected with RSV and treated with 10, 100, or 1000 nM tiotropium, fluticasone, or roflumilast. The amount of virus was measured in the cell lysates. Mean ± S.E.M. of four separate wells is shown. \*\*\*\**P* \< 0.0001, \*\*\**P* \< 0.001, \*\**P* \< 0.01, and \**P* \< 0.05 represent significant differences compared with the CS-exposed and H1N1-infected group or the H1N-infected cells.](jpet.116.232009f7){#F7}

### Tiotropium Downregulates ChAT and NANS Expression in CS/H1N1-Exposed Mice. {#s26}

We investigated the effect of dexamethasone, fluticasone, roflumilast, and tiotropium on gene expression of ChAT and NANS. We found the expression of both genes significantly upregulated in mice challenged with CS and H1N1 ([Fig. 8](#F8){ref-type="fig"}). Dexamethasone, fluticasone, or roflumilast treatment had no effect on ChAT or NANS expression. By contrast, a strong and significant downregulation of ChAT and NANS expression was observed in lung homogenate of tiotropium-treated mice.

![ChAT and NANS expression in CS-exposed and H1N1-infected mice after treatment with dexamethasone, fluticasone, roflumilast, or tiotropium. Mice were exposed to CS and infected with H1N1 and additionally treated with dexamethasone (3.0 mg/kg), fluticasone (0.5 mg/kg), roflumilast (1.0 mg/kg), or tiotropium (0.3 mg/ml). Changes in RNA levels of ChAT and NANS are illustrated by ΔC~T~ values or as fold change normalized to 18S rRNA. Mean values ± S.E.M. of *n* = 4--8 animals per group are shown. \*\*\*\**P* \< 0.0001, \*\*\**P* \< 0.001, \*\**P* \< 0.01, and \**P* \< 0.05 represent significant differences compared with the CS-exposed and H1N1-infected group.](jpet.116.232009f8){#F8}

Discussion {#s27}
==========

Patients who have COPD suffer from bronchoconstriction, which contributes to a reduction in lung function, especially during episodes of viral-induced exacerbations ([@B45]; [@B40]). Treatment with tiotropium was shown to improve lung function, quality of life and to reduce the frequency and severity of exacerbations in COPD patients. It is currently a standard treatment of COPD ([@B27]; [@B53]; [@B32]; [@B31]). Tiotropium blocks M3 muscarinic receptors on ASM cells, thereby preventing bronchoconstriction explaining the positive effects on lung function and quality of life observed in patients ([@B17]). How tiotropium reduces the severity and frequency of exacerbations is not completely understood, however. Recent studies suggest that tiotropium also has direct anti-inflammatory effects ([@B1]; [@B15]; [@B57]). Therefore, the positive effects of tiotropium on exacerbations in COPD patients may be due to the direct reduction of bronchoconstriction, its anti-inflammatory properties, or a combination of both.

We investigated whether tiotropium has anti-inflammatory and bronchoprotective effects in mice, in which inflammation and bronchoconstriction are triggered by a combination of CS exposure and infection with either H1N1 or RSV in novel models for COPD exacerbation. We found that tiotropium suppressed the reduction in lung function induced by CS and the H1N1 infection, confirming its bronchoprotective effect. Furthermore, numbers of neutrophils and macrophages were also significantly reduced in the tiotropium-treated mice. Both neutrophil and macrophage numbers are increased in the lungs of patients with COPD; in particular, neutrophils are further increased during exacerbations ([@B56]). It has been suggested that they may contribute to or cause the symptoms of exacerbations ([@B37]). Thus, lowering the influx of these inflammatory cells to the lungs may contribute to the positive effect of tiotropium on exacerbations. In addition, tiotropium also dose-dependently decreased IL-6 and IFN-*γ* levels in airways. Both inflammatory mediators are increased in COPD patients, and levels peak during exacerbations ([@B6]). A clinical study previously linked significantly higher amounts of IL-6 in sputum of COPD patients to viral-induced exacerbations and airway obstruction ([@B46]). Furthermore, in murine studies, IFN-*γ* was associated with the development of emphysema, a further hallmark of severe COPD in patients ([@B25]). Consistent with our findings, [@B57] showed that 0.3 mg/ml nebulized tiotropium significantly reduced total cells, neutrophils, and cytokines such as IL-6 in the lungs of CS-exposed mice ([@B57]). Comparable effects were also observed in our current study, where levels of total cells, neutrophils, and cytokines in the lungs were much higher, indicating an anti-inflammatory effect of tiotropium also in an exacerbated disease condition. Our results suggest that, in addition to reducing the numbers of neutrophils, tiotropium may reduce the frequency and severity of exacerbations by lowering the production of IL-6 and IFN-*γ* in the lungs of patients. Currently, we can only hypothesize through which downstream mechanisms exactly tiotropium mediates the anti-inflammatory effects we have detected in our exacerbation models; however, we found that tiotropium downregulates the mRNA expression of ChAT, and NANS in the lungs of CS/H1N1-challenged mice. ChAT is the synthesizing enzyme of acetylcholine, and both are ubiquitously expressed throughout the airways and furthermore are involved in inflammatory processes and remodeling partly independent of M3 receptor signaling ([@B42]; [@B20]; [@B41]; [@B28]). Therefore, a reduction in ChAT expression leading to a reduction in acetylcholine, due to tiotropium treatment, might explain in part some of the observed anti-inflammatory features. In addition, we found that NANS expression, upregulated in the lung of CS/H1N1-treated mice, was significantly reduced in the tiotropium-treated mice. NANS is an important enzyme for the biosynthesis of sialic acid, a receptor for influenza virus ([@B48]; [@B29]). Therefore, reduced NANS expression could result in a reduction of sialic acid, thereby attenuating viral entry, which in turn could result in less replication, a reduced viral load, and thereby less inflammation. Supporting this view is the finding that we found H1N1 load significantly reduced in our CS/H1N1 model on treatment with tiotropium. The finding that tiotropium might directly reduce viral load is supported by further in vitro studies ([@B23]). Further studies evaluating through which mechanism tiotropium reduces inflammation during viral exacerbations are warranted. Our studies suggest that tiotropium may have this effect by either reducing inflammation directly or by reducing viral entry/load, leading to less inflammation.

We also investigated the effects of fluticasone on CS/H1N1-induced inflammation. In contrast to tiotropium, fluticasone increased the amount of IL-6, KC, TNF-*α*, and IFN-*γ* in the airways, failed to reduce total cell, neutrophil or macrophage numbers in the lung, worsened lung function, and increased body weight loss in mice exposed to CS and infected with H1N1. The amplified inflammation might be responsible for the increased decline in lung function observed in this study. In addition, an increased destruction of epithelia was observed in the airways upon treatment of CS-exposed and H1N1-infected mice with fluticasone. In support of our findings are the results of a recent study linking fluticasone treatment to the induction of epithelial injury and altered epithelial barrier function ([@B30]). The altered epithelial barrier upon treatment with fluticasone might also explain in part the increased viral load as it may facilitate viral distribution in the tissue. These findings suggest that ICS treatment, in particular with fluticasone, the major ICS being used to treat COPD, might increase the viral burden and the amount of inflammatory cytokines in patients. Moreover, it might explain the increased risk for pneumonia in COPD patients upon ICS treatment ([@B12]; [@B49]) and supports the finding that many COPD patients do not benefit from ICS treatment ([@B4], [@B5]).

It remains to be elucidated whether other ICS (e.g., budesonide, mometasone, ciclesonide, or fluticasone furoate) have the same effects as fluticasone. Interestingly, the increase in viral load both in the CS/H1N1-infected mice and the NCI-H292 cells was also observed when applying dexamethasone, strongly suggesting that the increase in viral load is not fluticasone-specific but due to the general mode of action of steroids. In contrast to fluticasone, dexamethasone-treated mice exhibited a reduction in some pro-inflammatory cytokines in the lungs. Dexamethasone treatment also did not worsen or reduce lung function but, similar to fluticasone, increased the loss of body weight.

Another therapy available to COPD patients is treatment with roflumilast ([@B39]; [@B35]). We tested roflumilast in the CS/H1N1 model and found that the drug reduced macrophage numbers, IL-6, and KC in the lung but had no significant effect on neutrophil numbers or lung function. Viral load in the animals and in NCI-H292 cells and loss of body weight were also unaffected by roflumilast. These results illustrate the anti-inflammatory properties of roflumilast on COPD-associated inflammatory parameters such as IL-6 and the murine IL-8 homologue KC. The reduction in inflammation might explain the reduced rate of exacerbations in some patients treated with the drug ([@B43]); however, the risk-to-benefit ratio of roflumilast is still under debate ([@B35]).

Exacerbations in COPD patients are caused by different viruses ([@B47]). For this reason, we wanted to test the effects of different drugs in an additional model of COPD exacerbation using a different virus. For this purpose, we developed an CS-exposure and RSV-infection mouse model of COPD exacerbation. We used an RSV reinfection protocol because this yielded a more robust exacerbation phenotype compared with a single infection (data not shown). Furthermore, humans are often re-infected with RSV because, similar to mice, humans do not generate a protective memory response against RSV ([@B50]; [@B13]). Compared with the CS/H1N1-exacerbation model, the inflammatory response in the CS/RSV model was weaker, and no impairment of lung function was measurable. Nevertheless, tiotropium again reduced the pro-inflammatory mediators IL-6, IFN-*γ*, and TNF-*α* and neutrophil numbers in the lung significantly, without affecting the loss in body weight or the viral load in the lung. In contrast, fluticasone significantly increased the amount of KC and the amount of virus in the lung and increased loss of body weight but had no effect on neutrophil numbers. Although roflumilast showed some suppressive effects in the CS/H1N1 model, no anti-inflammatory effects were detected in the CS/RSV model. Roflumilast treatment also did not impact the viral load but led to a slight increase in the loss of body weight. Taken together, again, tiotropium was superior in inhibiting inflammatory responses induced by RSV and CS compared with fluticasone and roflumilast. Fluticasone, similar to the CS/H1N1 experiments, increased the RSV load in the lung, an effect also observed in cell cultures using bronchial epithelial cells infected with RSV and treated with fluticasone. Tiotropium or roflumilast had no effect on the RSV load in the NCI-H292 cells.

In conclusion, we found that tiotropium has anti-inflammatory effects on both CS/H1N1- and CS/RSV-induced inflammation in mice without increasing viral load or inducing body weight loss. Our findings are in line with previous reports showing anti-inflammatory effects of tiotropium in vivo and in vitro and show that M3 muscarinic receptor signaling contributes to inflammation ([@B1]; [@B57]; [@B26]). Surprisingly, the observed anti-inflammatory effects were superior to those of roflumilast and fluticasone. Fluticasone was not only inferior to tiotropium but also increased viral load and body weight loss in both CS/H1N1 and CS/RSV exacerbation models. Our data support the view that the positive effect of tiotropium on exacerbation rates can be partly attributed to its anti-inflammatory activity.
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:   airway smooth muscle
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:   bronchoalveolar lavage

ChAT

:   choline acetyltransferase
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:   chronic obstructive pulmonary disease

CS

:   cigarette smoke

H1N1

:   influenza A/PR/8/34, ICS, inhaled corticosteroid

IU
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PBS

:   phosphate-buffered saline
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:   quantitative polymerase chain reaction
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